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EXECUTIVE SUMMARY

Studies of pulmonary effects of oxygen in dry hyperbaric chambers have been
conducted for more than 50 years. Data now available about injury development were
obtained during steady oxygen partial pressure (P0 2) values from 0.21 atmospheres
(atm) to 2.5 atm, and at intermittent P02 values fluctuating between 0.21 atm and 2 atm.
Recovery data were obtained after some of the exposures to steady P0 2 and after
intermittent exposures stepping down from 2.8 atm. We follow other authors' - 10 in
seeking a model of the changes in vital capacity (AVC) that occur during or after
exposure to elevated P0 2, but with more data available to us than were to the other
authors.

We have fitted five categories of models from the literature in both their published and
modified formulations, and four new categories of model. The goal of the work was to
find a universally applicable model of AVC as a function of P0 2. Although this goal has
not been realized, both the limitations and the occasional strengths of the various
models are presented here. Even piecewise models can be useful within the regions
that they approximate.

Models using Marquardt's algorithm were fitted for nonlinear regression implemented in
Pascal (Borland Delphi Professional, ver 4.0). An option to use the Simplex method was
included, and Simplex fits were used sometimes as starting values for Marquardt fits.
Marquardt's lambda was set initially to 10-2 and constrained to a maximum of 10.3 One
parameter was perturbed at a time in the numerical differentiation, and iterations were
deemed to have converged when either the absolute or the fractional difference
between iterations was less than 10- 7 for all parameters; this value is adjustable. To
confirm that no other local minima of the fitting surfaces were located near the fits
obtained, initial estimates of parameters were varied by an order of magnitude in each
direction from the first fit obtained with the entire data set, and the fits were repeated
with the combinations of starting values.

Model fits were compared to the intersubject average AVC expressed as functions of
time for each Po 2 profile. Data collected during or after 19 experiments with a total of
408 subjects were used in the fits. For recovery fits, time was reset to zero at the end of
the exposures. Fits were conducted for all of the data from all experiments, for
subgroupings of the experiments, and, whenever appropriate, for data truncated to omit
recovery, truncated to include only early (8-hour) recovery, and not truncated.

The intersubject average AVC, the quantity to be modeled, varies with P0 2 and with
time. When P0 2 < 0.5, there is little to no AVC; when P0 2 is near 1 atm, AVC decreases
with time, either slightly concave upwards or almost linearly; and when P0 2 is greater
than 1.5 atm, AVC is curvilinear and increasingly concave downward with time as P0 2
increases. Within this general pattern, the intersubject variability in response is large.
Recovery rates are clearly different across exposures and are not a function only of
exposure P0 2.
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All AVC values were normalized by baseline VC. However, the problem of serial
correlation cannot be avoided for variables expressed as change from baseline.
Differences among the experiments also introduce possible bias: some experiments
have few subjects with frequent measurements, and others have more subjects and
longer time intervals between measurements. Fits were computed with weighting "by
datum" - that is, with each measurement weighted equally. Some models were also
fitted with weighting "by subject," where the sums of the weights for all measurements
for each subject were equal. The weightings had little influence either on the goodness
of fit or on the parameter values.

Seven types of models of acute injury were fitted to the data set:
1. Unit Pulmonary Oxygen Toxicity (UPTD) models, previously published;1 3

2. proportional models, previously published; 6

3. proportional rate of healing models, previously published;6
4. autocatalytic models, adapted here for pulmonary application;7
5. exponential models, both previously published and modified; 8- 10

6. sigmoidal dose response models, proposed here; and
7. models with two kinetic components, proposed here.

Two types of model in which inflammatory injury was considered also were proposed
here:

8. injury memory models, and
9. delayed inflammation models.

Model Descriptions and Assessments

1. The UPTD model, first presented by Clark and Lambertsen for elevated P02 only,
was based on the data available at that time. 1-

UPTD = t. [(P02- Pth) / (1 atm - pt)] b, pO2 2 Ph
= 0, P0 2 < Pth

The original definition of UPTD fixed the exponent b = 1/1.2 = 0.833 and the threshold

P0 2, Pth = 0.5 atm.

By inspection of the one set of published data available from multiple sources,2-4

(a. UPTD + c, a UPTD + c< 0O/AVC = I
W,0, a. UPTD + c O.

For Clark's data set1 -3, a = -5.601 e %-min - ' and c = -1%.
We considered this model in three versions: fitting only scaling factor a and offset c;
fitting a, b, and c; and fitting all parameters a, b, c, and Pth. The UPTD model with 2, 3,
or 4 fitted parameters is nearly linear after the effect of the threshold parameter.
Although data from short exposures and those from P0 2 near 1 atm can be
approximated, this model does not fit the data in general. Because it does not include a
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recovery component, it cannot fit intermittent exposures without adjustment; the simple
assumption of no change in short periods of normoxia is insufficient.

2. Proportional models assume that both the relation between %AVC and time and that
between %AVC and P0 2 are linear. We fitted exponents of time and of P0 2 and found
that only for some subsets of the data does the proportional model appear to apply.
However, because this model is often quoted, we present it as previously published and
based on a more limited data set than that available to us. 4'5

Let F be the concentration of reactive oxygen species (ROS). As a concentration, F

cannot be less than zero.

(a" (Po2 - Pth)" t + Fo, P02 2 Pth - Fo/(a,t"

WO, P02 < Pth - Fo/(a, t.

Fcan be related to AVC, as in the Harabin reduced (linear) model"

%AVC = -a • F, (Model 2a)

where the fitted parameter is a' = -a a.
Harabin found a' = 0.011 (atm.min)-lwith Pth = 0.5 atm.

Alternatively, the more complicated relation proposed by Vann6 to limit

I%AVCI < 100% can be used:

%AVC =-100 [1 - 1.005- (Model 2b)

Here, a = 0.02 (atm.min)-1 and Pth = 0.3 to 0.4 atm, depending on the data set.

This linear model cannot describe the data for P02 > 1.5 atm. The linear recovery
portion fits only the very slow recovery data of one early experiment.

3. The proportional rate of healing model proposed by Vann6 assumes that ROS are
created at a rate proportional to P0 2 and destroyed at a rate proportional to their
concentration:

(' a. (Pa 2- Pth) - b F, P0 2 > threshold
dF/ dt= t

.- b F, Pa 2 < threshold.

Vann proposed either a simple proportional relation between F and %AVC,

%AVC = -a - F, where one fits -a. a,
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where he found a = 0.009 (atm.min) - 1, b = 2.1 10- min - 1, and Pth = 0.17 atm,

or the more complicated relation mentioned above to bound %AVC:

%AVC =-100 [1 - 1.005 -F.

We propose a third sigmoidal version, listed under Model 6.

Vann also worked with a more limited data set than that available to us. Although the
mechanism is conceptually appealing, the proportional model is curvilinear in time in the
wrong direction for P02 > 1.5 atm. The recovery exponential function curves in the same
direction as do the data but does not accommodate the different rates of recovery seen
in different experiments.

4. An autocatalytic model is one in which the concentration of a reaction product
becomes self-amplifying under specific conditions - in this case, when P02 exceeds a
threshold.

We began with a model proposed by Harabin et al. in a central nervous system (CNS)
oxygen risk model of the protective effect of air breaks in experimental animals.7 In our
application, though, the reaction products are ROS, and the reaction becomes self-
amplifying when P02 exceeds parameter Pa, where Pa > Pth, the threshold for any effect
of P0 2. For PO2 < Pa, the rate of destruction of ROS is proportional to their concentration
but is also a function of P02.The curvature with increasing time differs above and below
Pa.

%AVC = -a F, where the fitted parameter is a' = - a.

( a (PO2 - Pth) + b" F" (P0 2- Pa), P02 > Pth,
dF/dt=

Y b" F- (P02- Pa), P02 5 Pm.

After converting the CNS model to pulmonary use, we have proposed several further
modifications: we fixed either Pm (Model 4a) or Pa (Model 4b), and we introduced two
forms of dependence on exposure duration in the multiplier of the term that can change
sign, valid when P02 > Pth:

dF/ dt = a. (PO2 - Pth) + (b + C/Tdur) F (P0 2- Pa), (Model 4c)

or

dF/dt= a. (Pa2 - Pm) + [b + c. (P2- Pa) / Tdur] " F, (Model 4d)

in which duration of exposure also changes the effective autocatalytic threshold.

In Model 4d we also introduced an exposure duration term to the recovery term,
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dF/dt=[b+c-(PO2 -Pa)/Tdur] "F, P02 < Pth.

Although this model provided curvatures in the same direction as the data, the model
did not fit well to the data overall, particularly not to the intermittent data. However, a
refinement within this class of model might be more successful.

5. An exponential model in which normalized P0 2 is raised to a power during periods of
elevated P0 2 was proposed by Arieli 8-10 to fit the data for P0 2 2 1.5 atm. Recovery in
Arieli's exponential model is a decaying exponential with the time constant a function of
the P02 of injury. We fitted Arieli's exponential model and a number of modifications.

From the data for P0 2 < 1.5 atm, we used Pa2 = 0.58 rather than Pa2 = 0.5 as the
transition between injury development and injury recovery. Models 5a and 5b differed
only during recovery.

With P02 in the equations normalized by 1 atm, the pubUshed model is

%AVC = -a, ' P0 2b. e (Models 5a and 5b),

where published values 8- 1 are a, = -2.3 10-e min - 2 and b = 4.6, and our fitted values
are a, = -2.7 • 1 0 min -2 and b = 2.7 to 4.0, depending on the data set used.

We introduced a threshold when Pa2 is elevated,

%AVC = -a, (Pa 2 - 0 .5 )b - 2  (Model 5c);

set the exponent of time to normalized P02 to adjust curvature,

%AVC = -a, P0 2 b . fo 2  (Model 5d);

allowed a scaling factor on normalized P02 for finer model control of curvature,

%AVC =-a, • (c Pa 2)b. f P02 (Model 5e);

and tried piecewise integration including continuous recovery during and after exposure
and for changes in Pa 2,

%AVC =- a, [(c' P0 2 )b-/(C' PO2+ g)]" [ c "Po 2 - tcPo]

+ (%AVC) at t (Model 5f).

To accommodate intermittent exposures, all the models were computed with the
accumulated duration at elevated P02 instead of time since the start of the current
elevation in P0 2, and either actual or moving averaged Pa 2 was used in the calculations.
With this modification, the models fit some of the intermittent data.
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The curvature of the published model is in the correct direction for P0 2 ;- 1.5 atm but not
for lower P0 2. When the exponent on time is a function of P0 2, the fits at lower P0 2 are
improved with only slight degradation of those at higher Pa 2. Accumulated time at
elevated P0 2 and moving average P0 2 cause these models to predict some but not all of
the intermittent data; accumulated time differs from time since the start of the current
P0 2 elevation only in models not linear in time.

The published recovery portion of the model assumes first-order kinetics,

dF/dt=-k. F,

but with the rate parameter k a function of the prior P0 2: for P0 2 < 0.58 atm,

%AVC = (%AVC)o" e- [ + g Po2 ,] (Model 5a)

where (%AVC)o is the value after the exposure to P0 2 > 0.58 atm, and PO2is represents
the Pa 2 of the initial step, the P0 2 that caused the injury. For the larger recovery data
sets, c = -4.10 . 3 min - 1, g = 4.10.

We modified the recovery model, first with first-order kinetics but with rate dependence
on duration of exposure (Tdur) and not on PO2is:

%AVC = (%AVC)o • - [c* gIdur] t (Model 5b)

For the larger recovery data sets, c = -4.10- min -1 , g = 1.7.

We modified that further by including an effect of the P0 2 during recovery:

%AVC = (%AVC) g e - Q" (Po2 - 0.5) / Tdur] " t

and we tried second-order kinetics,

dF/ dt = -k. F2, with k depending on Tdur:

%AVC = (%AVC)o / [1 - (c + g / Tdur) " t" (%AVC)o].

The first-order models fit better than the second-order model.

Arieli's published recovery model accounts very well for the different rates of recovery
after several, but not after all, the exposures. Counterintuitively, it implies that recovery
should be faster from exposure to high Pa 2 than from that to lower P0 2, and that
recovery will not occur if the exposure Pa 2 is sufficiently close to atmospheric.
Intriguingly, for the recovery data used to develop the model,' 0 the duration of exposure
was inversely proportional to the exposure P0 2. The first of the modified recovery
expressions uses the inverse of exposure duration, predicts recovery for all of the data
available, and indicates more rapid recovery after short than after long exposures. The
second modification allows the P0 2 during recovery to adjust the recovery rate.
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Although only one experiment included recovery data in any condition except
atmospheric air, this is the preferred recovery model.

6. Many dose responses are sigmoidal. We fitted %AVC to a Hill equation dose
response: %AVC = -g doseb / (doseb + ab)].

The Hill equation is bounded between 0 and 1, and the inflection point at

dose = a is thus at %AVC = g/2.

a) We used the proportional healing model concentration of ROS as the dose:

F= (PO 2 / C) (1 - e-(c .0) + Fo - e- (c '0

b) We integrated the P0 2 difference from a threshold continuously from the start of
the oxygen exposure until full recovery and considered that as the dose:

IntO2 = J(PO2 - Pth) dt, integrating from time = 0 to time = t.

( IntO2 , IntO2 > 0
Dose = t

W.0 ,IntO 2 < 0.

c) We used the integrated difference from threshold as the dose when P0 2 was
elevated, but we deviated from the sigmoidal curve to exponential recovery for
P0 2 below threshold:

%AVC = (%AVC)o. e - c 0, P0 2 < Pth

Additionally, we fitted with fixed or fitted scaling factor g. With g fitted, the dose can be
on either side of the inflection point for curvature in either direction.

The sigmoidal models generally underestimate %AVC after the first part of the exposure
and do not match well to recovery data.

7. The kinetics of ROS production and removal may differ from the kinetics of injury by

ROS concentration and recovery from injury. One model of that type is

dF/dt= a. (PO2 - Pth) - b" F

d(%AVC) / dt = c" F- g (%AVC).

The relative magnitudes of parameters a, b, c, and g control the curvature with
increasing time. However, the data are not sufficiently detailed to distinguish among the
parameters of this model.
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8. In the injury memory model proposed here, acute injury /1 is considered to be
proportional to the concentration of ROS as given by the proportional healing model, but
any acute model could be used. AVC is proportional to the sum of all acute injury within
a time period T, essentially over the body's memory for the acute injury:

( a. (P02- Pth) - b" I1, P02 > Pth
dl / dt= t

-b -/1, PO2 < Pth

%AVC = a fi1 dt, integrated over time from (t - T) to t.

At constant P0 2, if a' = a a, P02 > Pth, and t > T, then

%AVC = a' b-2  (PO2- Pth)" {e'b '4e -[b .(t- ,)] }
+ a' T - -(P0 2 - Pth) + 1" b-  {e-b _e -lb (t-)]}

This memory concept could be applied to any form of acute injury. With the proportional
rate of healing model, the integration improves the curvature and fit only slightly.

9. Most inflammatory injury occurs sometime after the original insult. The delayed
inflammation model presented here is based on a proportional rate of healing model. A
similar technique could be used with any acute injury model.
Let Tio = time lag from acute injury to onset of inflammation, and Tid = duration of
inflammation. Then

%AVC = -- F + Kinflam • 7/oAVCa (e),

where e in the summation term is a time value that runs from t- To + Tid to t- Tio,
Kinfiam > 0 is the proportionality constant for delayed inflammatory injury, and the acute
injury at any time, %AVCa, is obtained from a selected acute model.

The delayed inflammation model was fitted for arbitrary lag times and inflammatory
durations; the data do not permit fitting lags and durations. The model was also fitted
with a 300-minute moving averaged P02 instead of instantaneous P02.

The inflammatory component makes only a small difference in the model fits.
Averaging of P02 delays recovery slightly and changes the curvature of AVC early in the
first 300 minutes of the steady exposure experiments from concave up to concave
down, but it does not improve the fit in the intermittent experiments.

xiii



Discussion

Mechanisms

Many models in the literature have been proposed with putative ROS kinetics. However,
the measured quantity, decreased VC, is many steps away from ROS concentration.
VC may change because of normal physiological adjustments in blood distribution,
regional injury from multiple oxygen-induced pathways, or inflammatory responses to
previous insult, and any injury-induced changes will be opposed by compensatory
mechanisms. Modeling from an a priori mechanism is unrealistic; only descriptive
models can be expected to be useful. Further, mechanisms of injury may vary for
different exposure conditions; no model should be used for higher P02 or for longer
durations than have been measured, and it may be necessary to apply different models
to accommodate the different effects of varied oxygen exposures.

Variability

The multiple adjustments, injury pathways, and compensatory mechanisms that affect
VC may be responsible for the large variance of the data. For the data gathered at
elevated P0 2 excluding intermittent exposures, the residual standard deviation (SD) of
%AVC about the intersubject average is 7.44, and the residual SD around Model 5e is
approximately 8. These values may be used to construct model prediction bands.

Best Candidate Models

Of all models fitted to the data, the best overall candidates during the development of
injury are autocatalytic Model 4d and exponential Model 5e. Both of these models
permit the curvature of AVC with time to differ for different elevations of P02.
Unfortunately, neither of these injury onset models corresponds to all data available.
Currently, a useful injury onset model can be constructed only from the data fit for a
particular Pa 2. More work concentrating on refinements of these ideas might produce a
generalized injury onset model, but, in the absence of a universal model, a fit of either of
these candidates to the historical data could be used to predict results from a similar
P0 2 .

The best recovery model has first-order kinetics with recovery rate dependent on the
duration of the previous exposure to elevated P02 and perhaps on the P02 during
recovery; data for testing the importance of that term are limited. This recovery model
may be useful in deciding what surface interval is needed for a chosen fractional
recovery between dives.

We have found that many models, including those most familiar to the diving
community, fail to represent available data. None of the UPTD concept,1-3 the linear
proportional," or the proportional healing models6 extends to the data accumulated
since they were proposed. The proportional healing model, whether with F proportional
to %AVC or with F related to %AVC through a logarithmic relation,6 correlates weakly
with some of the intermittent data, but it curves in the wrong direction for P0 2 2 1.5 atm
and misses the different rates of recovery after different exposures. These familiar
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models, if used at all, must be restricted to P0 2 very near 1 atm. Of the newly proposed
models, if the proportional healing model is used to give the dose for a sigmoidal dose
response curve, %AVC with increasing time curves in the correct direction for P0 2 : 1.5
atm but does not fit data for P0 2 

> 2 atm. Sigmoidal dose response curves also fail for
the other dose expressions we proposed.

Because the mean AVC after in-water resting exposures with P02 = 1.3 atm for up to 8
hours of exposure is near zero, none of the model predictions correlates with the mean
AVC.

Conclusions

We have not found a universal model to relate %AVC to P0 2 and exposure time. The
published models do not extend to data beyond those for which they were developed.
Although a necessary condition of any universal model appears to be that the curvature
with time can change as a function of P0 2, those proposed models that do change
curvatures still fail to explain all data. Recent experimental evidence indicates that the
mechanisms of lung injury differ at high P0 2 from those at P0 2 near 1 atm. 1 Models that
give %AVC as a function of P0 2 and exposure time should be used with great caution
and only at the P0 2 for which they were developed.

The fraction of injury that remains after a recovery period appears to depend on the
ratio of the recovery time to the total duration of the previous exposures to elevated P0 2.
This may be modified by the P0 2 during recovery, but we have few recovery data that
are not in atmospheric air. Improved estimates of recovery time may be the most useful
result of this modeling effort.
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INTRODUCTION

The degree of pulmonary oxygen toxicity expected from a particular exposure remains
difficult to predict, and the mechanisms of the injury are poorly understood. An important
step for predicting and understanding them would be to define a model of the response
under all conditions. For this report we assessed the ability of some models to predict
the average change in vital capacity (AVC) caused by various oxygen exposures.

A moderately large body of AVC data exists for periods during and after exposure to
elevated oxygen partial pressure (P0 2), 1- 17 but other pulmonary data are sparse. Thus,
we chose AVC to represent pulmonary oxygen toxicity, although other parameters might
be at least equally appropriate.

Several predictive models have been proposed.1 -26 We have modified some and
proposed others, and have compared the fits of all of these models, new or previously
published, to the data that are available. The initial goal, an ambitious one, was to find a
model to express average AVC in terms of P02 and exposure duration during the onset
of injury and during recovery, even with intermittent exposure. Secondary, perhaps
more realistic, goals were to describe which model might be best used to approximate a
particular set of circumstances and which models do not apply

METHODS

Vital capacity data collected before, during, and after dry hyperbaric chamber exposures
during which subjects had rested while breathing oxygen were assembled from
literature sources. Additionally, previously unpublished VC measurements made before
and after oxygen exposures were accumulated from experiments that had been
conducted at the Navy Experimental Diving Unit (NEDU). Model equations in which
AVC is a function of P02 and exposure time were fitted to the data from dry chamber
exposures, and the predictions derived from them were compared to the dry data and to
the measurements made before and after in-water exposures at NEDU. 6'1 Since all
the in-water exposures were at similar P02, parameters could not be fitted separately to
"wet" data.

The available data (Table 1, Figure 1) and subsets were used to estimate parameters of
all models. For each data group fitted, the numbers of data available for the models and
the numbers of subjects from whom they came are listed in Table 2. The entire dry data
set contains VC measurements from 35 different experimental conditions and 351
subject exposures and is available on compact disk from the NEDU Technical Library.
In 282 of the subject exposures, measurements were made only before and after the
oxygen exposures, not in the chamber during the exposures.

The intersubject variability in response was calculated by comparing AVC for an
individual to the average AVC for that P02 and at each time.
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Table 1.
Data sources

Experiment Description Number of Number Reference
subjects of data

A 1 ata, 83% 02, 50 hours 6 72 Ohlsson'
No recovery

B 1 ata, 98% 02, 72 hours 4 19 CaldweII2

Recovery 16
C 2 ata, 100% 02, 12 hours 12 47 IFEMU- 7

Recovery: 1 ata air 11
D 5 ata, air, 48 hours, P0 2 = 1 atm 12 265 Eckenhoff et al."

Recovery 84 (IFEM)
E Intermittent 02, 2 ata, 15 hours Hendricks et al. 9

100% 02,20 min 5 37 (IFEM)
air, 5 min

F Intermittent 02, 2 ata, 15 hours Lambertsen and Clarkl'u 1

100% 02, 60 min 6 -39 (IFEM Predictive Studies
air, 15 min VI)

G Intermittent 02, 2 ata, 15 hours Lambertsen and Clarkl,'T
100% 02, 30 min 6 10 (IFEM Predictive Studies
air, 30 min avg. only VI)

H 1.5 ata, 100% 02,18 hours 9 59 IFEM Predictive Studies V
Recovery: 1 ata, air 36 6,12

I 2 ata, 100% 02, 9 hours 14 64 IFEM Predictive Studies V
Recovery: 1 ata, air 8 48 6,12

J 2.5 ata, 100% 02, 6 hours 8 48 IFEM Predictive Studies V
Recovery: 1 ata, air 56 6,12

K 5 ata, normoxia, 6 162 Eckenhoff et al."(IFEM)
2.2 ata, normoxia (IFEM) 4 132 Fisher et al. 1970, as cited

in Harabin et al. 13

1 ata, normoxia 2 23 Ohlsson'
L 2.25 ata, air 3 12 Fife et al. 1973, as cited in

Harabin et al.13

M Low total pressure Morgan et al. 1961, 1963,
>90% 02, 0.25-0.30 atm 17 17 and DuBois et al. 1963
82% 02, 0.62 atm 6 6 Michel et al. 1960,

1_ _as cited in Harabin et al. 13

N Disabled submarine (DISSUB)
simulations, 10 profiles, recovery 156 542 NEDU' 4

0 DISSUB rescuer simulations,
8 profiles, recovery 126 246 NEDU 15

P In-water exposure data
20 fsw, LAR V, recovery 44 44 Marienau and Maurer 16

1.35 ata, 100% 02, recovery 24 81 Shykoff17

ata = atmospheres absolute; fsw = feet of seawater
IFEM = Institute for Environmental Medicine, University of Pennsylvania
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Cumulative percentage AVC from baseline (%AVC) was used as the dependent
variable to measure injury. Alveolar P0 2 and time were the independent variables.
Parameters were calculated to minimize the sum of squares of the difference between
calculated and measured AVC. The a priori model types that we tried to fit, all described
in detail (see Descriptions of Models), included:

1. Unit Pulmonary Toxic Dose (UPTD) models (Fig. 2);
2. Proportional models, in which a factor causing %AVC is proportional to P0 2 and

time (Fig. 3);
3. Proportional rates of healing models, in which a factor causing %AVC increases

at a rate proportional to P0 2 and time and disappears at a rate proportional to its
concentration (Fig. 4);

4. Autocatalytic models, in which a factor causing %AVC propagates more of itself if
the P0 2 is sufficiently elevated, but in which the factor causing %AVC is
eliminated in proportion to its concentration when P0 2 is below that critical value
(Fig. 5);

5. Exponential models, in which %AVC is proportional both to P0 2 raised to an
exponent and to the square of exposure time, but %AVC recovers by exponential
decay (Fig. 6);

6. Sigmoidal dose response models, in which the dose is derived from the
proportional healing model or is the time integral of P0 2 (Fig. 7);

7. A model in which injury is related to P0 2 with differing kinetics for generation of a
factor causing %AVC and generation of %AVC (Fig. 8);

8. An "injury-memory" model, in which %AVC represents an accumulated result of a
proportional rate of healing (Fig. 9); and

9. Delayed inflammation models that include secondary, inflammatory %AVC
components proportional to the acute %AVC that occurred at a previous time.

(a) The proportional healing model causes the acute %AVC (Fig. 10), and
(b) the proportional healing model with P0 2 averaged over a period of time

causes the acute %AVC (Fig. 11).

Additionally, using all dry data, we did separate stepwise linear regression analyses for
onset of injury and for recovery to see which parameters of the set P0 2 , previous P0 2,
time at the P0 2, the square of the time at the Pa 2, total pressure, and duration of the
previous exposure to elevated P0 2 entered significantly into the linear relation with
%AVC.

Unless it is otherwise noted in the model description, we used estimated alveolar, rather
than inspired, P02 as the stimulus causing %AVC. To calculate alveolar P02 we used
the alveolar gas equation

PAO2 = FIO2" (Ptot- Pwater) - PACO2 [FIO2 + (1 - F1o2)/RQ],

where PAo2 is alveolar 02 partial pressure;
F1 o2 is the inspired 02 fraction;
Ptot is total pressure;
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Pwater is the saturation partial pressure of water at 37 0C, 47 Torr;
PACO2 is alveolar C02 partial pressure, normally about 40 Torr; and
RQ is the respiratory quotient, the ratio of C02 produced to 02 consumed. (We

assumed RQ = 0.8.)

Because
P1O 2 = F102" Ptot,

PAO2 = Pio 2- F1O2 (Pwater + PACO2 ) - PACO2 [(1 - F,o2)/RQ]

= P10o2- 37" F10o2 - 50, expressed in Torr,

= P1O2 - 0.04 • F10 2 - 0.07, expressed in atm,

where P10 2 is inspired 02 partial pressure.

When F102 is low and total pressure is high, the difference between alveolar and inspired
P0 2 is relatively small, but at high Fio 2 and low total pressure it is important, as we can
infer from the equations. For a person breathing atmospheric air at sea level, P102 is 160
Torr or 0.21 atm, and PAO2 is 100 Torr, or about 0.13 atm.

The inspired oxygen values are those reported by the experimenters. We cannot
confirm that experimental systems did or did not control F10 2.

Methods of Fitting

Although some subjects participated in multiple experiments and the number of
measurements per subject varied among experiments, for the most part data were
considered to be independent. When results are listed as "weighted by datum," each
measurement was given equal weight independent of the number of measurements on
each subject. Some results where each subject was weighted equally ("weighted by
data/subject") are presented. In those cases the weighting factor for each measured
value was the number of measurements/subject, with separate counts during injury
onset and during recovery.

We used Marquardt's algorithm to implement nonlinear regression in Pascal (Borland
Delphi Professional ver. 4.0) and incorporated some library routines (Dmath ver. 2.0, J.
DeBord). We included the simplex method as an option for fitting and sometimes used it
to find starting parameters for a Marquardt's fit. The program was written to allow
modular insertion of different model configurations and was tested with a simulated,
externally generated data set with known parameter values.

Marquardt's lambda was set initially to 1 • 10-2 and was constrained to a maximum
value of 1 .103 . Numerical differentiation was used. One parameter at a time, a
parameter estimate was multiplied by (1 + 1.5. 1 0), the sums of squared differences
from the data of the fitted model function were computed with the perturbed and the
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unperturbed estimates, and the difference in the sum of squares caused by the
parameter perturbation was divided by the magnitude of the perturbation, 1.5 • 1 e, to
obtain the estimate of the derivative with respect to that parameter for the particular
parameter value. The iterations were considered to have converged when either the
absolute or the fractional difference of all parameters between two iterations was less
than 1 . 10- 7.

To verify that another minimum of the fitting surface could not be found near the initial
fit, starting values for the parameters were varied by one order of magnitude in each
direction from the first fit obtained with the entire data set, and the parameters were
reestimated. Thus, we fitted a two-parameter model for nine starting values, a three-
parameter model for 27 starting values, etc. If the model did not converge with these
perturbed initial estimates, we tried smaller perturbations from the initial fitted values. If
we had found a second minimum, we would have selected the one with the lower
residual sum of squares. Because all the tested models generate simple error surfaces,
we considered this number and range of checks on the fit to be sufficient.

We assessed fits with the statistical uncertainty of parameter estimates, the
correspondence of fitted curves to measurements from specific experiments, and the
magnitudes of coefficients of determination. Coefficients of determination are
numerically identical to the regression coefficient t2.

Coefficient of determination 2 = 1 - (Residual sum of squares)/(Total sum of squares)
-1 - (ycal - y1f / Z (yi -yavgf summed for i = 1 ... n,

where yca,i = the Ah calculated estimate of %AVC, and
yavg = Zy/n for i = 1 ... n.

The coefficient of determination expresses the fraction of the total variance of the data
explained by a calculated (model) fit. The coefficient of determination can be negative if
the model inflates the variability of the data; the "squared" of the r2 notation is
misleading in that regard. Note that a few large deviations of the model from the fit can
have a large effect on the value of 2.

Correspondence of model fits and the highly intermittent data from the disabled
submarine (DISSUB) experiments N and 0 were difficult to assess graphically.
Correlation coefficients were calculated for those data.

The models differ in the number of parameters fitted and therefore in the degrees of
freedom. The t2 has been adjusted as

r2a = 1 -[(1 - 2) • (nobs - 1) /(nob- param),

where nobs indicates the number of VC measurements and nparam indicates the number
of parameters fitted in the particular regression. In all cases, because nob>>nmparam, the
correction is small.

10



We calculated an intersubject average response as a function of time within each
experiment by averaging the data from all subjects at each measurement time for a
particular P02. Subjects in some experiments ended oxygen exposures at differing
times; we averaged recovery data by matching the times from the return to normoxic
conditions.

When the intersubject average is the model, the coefficient of determination measures
variability of the data about the average response; a data set where every subject had
the same response yields r2 = 1. Although standard deviation and coefficient of
determination are good measures of dispersion if data are stationary, the AVC are
functions of time and Po2. We therefore have chosen the coefficient of determination
about the intersubject mean as the measure of dispersion for each experiment. We
compared the coefficients of determination of the models to those for the averages to
judge model performance for each experiment.

Because the data include values from a few experiments in which P02 changed more
than once (e.g., Figure 1 D), the models were generalized to handle multiple steps of
elevated Pa 2. The fitted value of VC after one segment of elevated P0 2 is the starting
value, %AVCo, for the further change of the next segment. However, the changes in that
next segment affect the parameter values that determine the fitted %AVCo. Although the
problem could be solved by recalculating the segmental starting values at each change
in parameter, we chose to solve it iteratively.

1. For the first elevation of P0 2 from room air, %AVCo = 0. The first estimate of
parameters was found by using only the measurements from the first
elevation of Pa 2. Parameter estimates were required to converge to within
either an absolute or a fractional mean square difference of 1 x 10- 7.

2. Parameter estimates from Step 1 were used to calculate first estimates of
%AVCo for subsequent changes in P0 2.

3. The segmental %AVCo were held constant, and all model parameters were
fitted to the entire data set under consideration until parameters converged to
within 1 x 10- 7.

4. Using the parameters from Step 3, we recalculated %AVCo for all segments.
5. Iterations 3 and 4 were continued until the estimates of %AVCo for each

increment of P02 change converged to either an absolute or a fractional mean
square difference of %AVCo < 1 x 10.4 , and parameters calculated with those
%AVCo values converged to within 1 x 10- 7.

Continuous changes in P02 were handled as multiple steps, matching the fact that data
were acquired discontinuously.

From one experiment (Set G, Table 1) only averaged data were available. When we
used these data we considered the average AVC from the six subjects to have been
obtained six times. The lack of individual data means that the variability of that data set
is unknown.
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Data Grouping

Several of the nine types of models in the study (see Descriptions of Models) have been
proposed at least in part by other authors; the other types have not appeared in the
literature. To fit their models, Harabin et al. 13' 21 and Vann 22 used data sets A-D and K-
M, but Harabin did not use the recovery data or initial measurements at P0 2 = 0.3 atm in
set D, and Vann did not use the recovery data. Arieli 24- 26 used data sets C, D, and H-J.

For fitting, we defined Data Group 1 to be all of data sets A-D and K-M (Harabin's data
plus recovery and early exposure), Group 2 to be sets A-M, Group 3 to be sets A-D
and H-M (all uninterrupted data), and Group 4 to be data sets A-O (all dry data). Data
Group 4, which consists of Data Group 2 and the DISSUB simulation experiments,
includes data from complicated intermittent profiles for which only the postexposure vital
capacities are known. Note that Data Group 4 includes all other data groups, Data
Group 3 includes all of Data Group 1, and Data Group 2 includes all of Data Group 3.

We fitted data for three recovery durations: no recovery, recovery time up to eight
hours, and all recovery data. Table 2 shows the number of VC measurements in each
data group.

Table 2.
Number of subjects and number of vital capacity differences used in fits for each data
group and recovery duration

Data group Number of Number of vital capacity differences
subjects available

Letters refer to No recovery Up to 8-hr
Table 1 >30 min recovery All recovery

1 = A-D, K-M 68 610 620 744
2 = A-M 117 878 1021 1220
3 = A-D, H-M 105 817 885 1084
4 = A-O 408 865 1208 1975
In-water = P 68 0 68 132

The number of measurements for in-water exposures is small, all exposures are at P0 2
between 1.3 and 1.5 atm, and only recovery data were obtained. Since the
mechanisms of injury for divers in the water may not be identical to those for subjects in
air, it seemed unwise to pool the data from in-water and dry exposures. Thus,
parameters were not fitted to the data from wet exposures. Instead, AVC following in-
water exposures was compared to that of model fits calculated by using parameters
obtained from the dry data sets.
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Descriptions of Models

Some of the models relate %AVC directly to P0 2, while others assume that a product of
a reaction with oxygen provokes the changes. For simplicity in this report, any or all of
the harmful substances that may be produced in the presence of elevated P0 2 are
termed reactive oxygen species (ROS). In this report, "ROS concentration" is a model
construct. We have not measured ROS concentration, and we recognize that ROS of
diverse types can have different effects.

In the model descriptions below, symbols are defined as follows:

F= the concentration of ROS;
t = elapsed time (min) at a constant P0 2 or during a ramp change in Pa2;
Pth = a threshold Pa 2 below which no injury occurs;
tth = a threshold time before which no injury occurs;
subscript o indicates an initial value for the segment at one condition of P0 2 ,

whether P02 is steady or is ramping up ordown; and
%AVC = change in vital capacity, always from the measurement made before the

oxygen exposure.

The parameters that we fitted are represented by the italic letters a, b, c, and g. Pth, tth,
and autocatalytic pressure threshold Pa also are fitted parameters of some models.
To prevent confusion with the symbol for derivative, the base of natural logarithms, and
the notation for a function, the letters d, e, and fare not used as parameter designators,
and e, the base of the natural logarithms, is represented in roman type. All fitted
parameters are positive real numbers; negative signs are stated explicitly.

The schematic diagrams of Figures 2-11 are designed to illustrate the model curvatures
with time. No units are given, only the relation of the P02 steps to any threshold P0 2
values. Magnitudes depend on parameters.

1. Unit Pulmonary Toxic Dose (UPTD) Model

U PTD = t' [(P02- Pth) / (1 atm - pth)] b, p0 2 > Pth

= 0, P02 < Pth

The original definition of UPTD fixed b = 1/1.2 = 0.833 and Pth = 0.5 atm.

By inspection of the one set of published data available from multiple sources,13 19,20

%AVC = a" UPTD + c.

The UPTD model 13'18- 21 is arguably the best-known model for estimating %AVC. We
tried three versions of this model:
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(a) with the original definition of UPTD, but fitted parameters a and c (that is,
fitting the standard UPTD definition to %AVC);

(b) with fixed threshold, but fitted parameters a, b, and c, and
(c) with fitted parameters a, b, c, and Pth.

UPTD model

- UPTD definition

-Decreased
E __ ___ 2 threshold

& -increased b
C

--- " "  linear(b=l)
0 i

t PO2

Time

Figure 2. Schematic of Model 1, showing effects of varying parameters. After a
latent period, the UPTD model shows a nearly linear decrement in VC with time
when P0 2 is elevated. Recovery is not defined. Model behavior is depicted for
P02 below threshold (no change), above threshold, and increasingly elevated
above threshold.

2. Proportional and Related Models

Models in which %AVC is the product of a time term and a P0 2 term state that
toxicity increases as either exposure time or P02 increases. The most general model
of this type is

%AVC = a. (PO2 - Pth)b (t- tth)C+ %AVCo, t> tth > 0, and c> 0.

Because exponents b and c need not be integers, the expression has general
validity only if P02 > Pth. This restriction of the data caused the number of available
data n to be a function of Pth; if P0 2 < Pth on any iteration, the weighting factor on the
measurement was set to 0, and otherwise the weight was set to 1 or to the number
of subjects from whom data had been averaged to obtain the value. In other words,
when P0 2 < Pth, it was treated as if the measurement had not been made. The
number of measurements that are considered in the fit fluctuates with Ptm, and the
number in the final fit becomes a model result.
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If the exponent b is unity, %AVC becomes directly proportional to the P02 difference
from threshold, and P02 values below threshold permit healing.

Proportional Model

>i -lProportional Modell
S -- -- Decreased b

-Increased a
S- lncreased b

Time

Figure 3. Schematic of Model 2a. The proportional model is linear in time, both in
onset and in recovery. Model behavior is depicted for P02 below threshold b,
elevated above threshold b, more elevated, and then in a recovery phase below
threshold b. Effects of parameters are depicted.

If %AVC = -a F, the differential form of the model with exponents b and c equal to

one is

dF/dt = a,' (Pa2 - Pth) = a. P02 -g,

where g = a. Pt and a, = a/a. The model hints at first-order kinetics for ROS
production and zero-order kinetics for ROS destruction. For tat constant Po2,

(' (PO2 - Pth)" t+ FO, P02> Pth - Fo/(a,t)F=t

P02 < Pth - Fo/(a1 t).

Because the quantity F is a concentration, it cannot be negative.

Fcan be related to AVC, as in the Harabin reduced (linear) model 13,21,22
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%AVC = -a. F, (Model 2a)

where the fitted parameter becomes a' = a • a.

Alternatively, the more complicated relation proposed by Vann2 to limit
I%AVCI < 100% can be used:

%AVC = -100 [1 - 1.005-1. (Model 2b)

3. Proportional Rate of Healing Model

( a (P0 2- Pth) - b F, P0 2 > threshold
dF/ dt=

.-b. F, P02 < threshold

This model, proposed by Vann,Y sets the rate of ROS elimination to be proportional
to their concentration Fand sets the rate for ROS production to be proportional to
P0 2 above a threshold. An implied mechanism is that ROS are unstable.

Again, the simplest relation between Fand %AVC is

%AVC = - • F. (Model 3a)

The more complicated relation, which puts bounds on %AVC, can also be used:

%AVC = -100 [1 - 1.005-1. (Model 3b)

A third version is presented in Model 6a, the sigmoidal model.

The solutions of the differential equation for tat constant P0 2 are

( (a / b). (PO2- Pth) e -(b1 0] + Fo eb, P02 > threshold

Fo"e - , P0 2 
< threshold.
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Proportional Healing Model

- Proportional Healing
Model

....- Decreased b

------ Increased b

_. . ." .Increased a

-P02

Time

Figure 4. Schematic of Model 3a. The proportional healing model is depicted for
P0 2 below threshold b, elevated above threshold b, more elevated, and then in a
recovery phase below threshold b. Effect of parameters are depicted.

The proportional healing model (Fig. 4) demonstrates curvilinear responses as time
increases at constant P0 2. When P0 2 is above threshold b, injury increases at a rate
proportional to the elevation in P0 2, and healing proceeds at a rate proportional to
injury. When P02 is below threshold, %AVC decays exponentially. A steady state in
injury - shown in Figure 4's "Increased &:' curve - is achieved after a time duration
that depends on parameter values. Model 3b keeps recovery values at or below
baseline, a restraint preventing overshoot like that shown in the "Increased V'
tracing.

4. Autocatalytic Models

An autocatalytic reaction is one in which the concentration of a reaction product
becomes self-amplifying under specific conditions. The model formulation that we
have tested is that proposed by Harabin et al. in a central nervous system oxygen
risk model of the protective effect of air breaks in experimental animals.2 In our
application, though, the reaction products are ROS, and the reaction becomes self-
amplifying when P0 2 exceeds parameter Pa, where Pa > Pth. For P0 2 < Pa, the
exponent of recovery is a function of P0 2.

( a, r(P2 - Pth) + b" F" (PO2 - Pa), P02 > Pth,
dF/dt=l

Yb" F" (P02- Pa), P02:< Pth.
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Parameter b can be replaced by a function of the duration of exposure and P0 2.

Autocatalytic Model

I -
*~[ a.~ Autocatalytich

_ P02
oo [_

0

Time

Figure 5. Schematic of Model 4. Steps in P0 2, left to right, represent P022 < Pth,
Pth < P0 2 <Pa, P0 2 >Pa, P0 2 = Pa, and P0 2 < Pth when there is prior injury.

The autocatalytic model (Fig. 5) shows distinct behaviors for each different range of
P0 2 diagrammed as a step change. P02 begins below the threshold for injury, Pth.

The first step indicates the model response for P02 between Pt and Pa, the P02 at
which autocatalytic behavior begins. In this range the autocatalytic model reduces to
a proportional healing model, but the time constant of healing depends on P0 2. Any
of the upwardly concave responses shown for elevated P02 in Figure 4 could occur
in this P0 2 range.

The second step in Figure 5 represents P02 > Pa. In this P0 2 range, injury increases
at a rate proportional to itself in addition to the increase proportional to the P02
elevation, an increase generating a downwardly concave curve. Changes in
parameters modify the slope and curvature.

The third step in Figure 5 indicates the model response when P02 = Pa, when the
model reduces to the proportional (linear) model: changes in parameters have the
effects shown for the elevated P0 2 in Figure 3.

When P02 is below the injury threshold, recovery rate is proportional to injury, as in
the proportional healing model. Adjusting parameters brings results similar to those
shown in the recovery phase of Figure 4.
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For constant P02, the autocatalytic model becomes

(a, (PO2 - Pth)/[b" (P0 2 - Pa)]' [1 -eb P02- Pa) ] + Fo" e b (P°
2 - Pa) t

P02 0 Pa and P02 > Pth

F=b F e(PQ2- Pa) t,

Sa, P0 2 ' t+ Fo, P02 = Pa

%AVC = -a • F, and the value a reported in Table 12 is a = a -a,.

These expressions describe several response shapes, as illustrated in Figure 5.
Note that the model predictions are concave upward with increasing tfor Pth < P0 2 <
Pa, linear for P0 2 = Pa, and concave downward for P02 > Pa.

5. Exponential Models

When P0 2 is elevated above the normal atmospheric value, Arieli et al.24 - 26 modeled
the damage caused by ROS as quadratic in time and higher than first order in the
ratio of P0 2 to one atmosphere:

%AVC = -a" (P 0 2)b . t, where P0 2 is numerically in atm and P02 > 0.5 atm.

If P0 2 drops to or below 0.5 atm, recovery begins at a rate dependent on the P0 2 of
the previous segment. In this report, the previous P0 2 (presumably that at which
injury occurred) is termed the initial P0 2 for the recovery segment and is symbolized
as PO2 is:

d(%AVC )/dt = -(c + g- P02 is) %AVC,

where P0 2 is > 0.5 atm and (c + g. P0 2 is) a 0.

The model assumes accumulation of injury only if P02 > 0.5 atm.

We considered modeling with a constant recovery rate, but inspection of the data
(Fig. 1) shows a clear difference in rates of recovery among experiments. We
introduced a model with ongoing removal of ROS even as ROS accumulates,
models with different exponents of time, and models with different recovery kinetics.

a. We restated Arieli's exponential model to accommodate multiple changes in
P0 2 by using the concept that elevated P02 generates ROS with concentration
F, where %AVC = -a-• F At any change in P0 2, ROS from the previous P02
condition are present in concentration Fo. Fo will be zero only if the initial P0 2 

<

0.5 atm and any previous accumulations have decayed. Healing depends on
P0 2 is once P0 2 

< 0.5 atm:
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( al(P 2 /760) b.+Fo P02 > 0.5 atm

Fo"- e- (c. g.o2 Is).- t) P02 < 0.5 atm

If PO2is 5 0.5 atm, the P0 2 from the previous segment with P02 > 0.5 is used.
If (c + g. P0 2 is) < 0, the term is set to 0; Fcannot increase if P02 < 0.5.

Exponential Model

>- Exponent=4.3

.5 ___Exponent=4.6

-.... Exponent=4.0
On . . . , Faster recovery'

- 0 .. ,-PO2 11

Time

Figure 6. Schematic of Model 5. Left to right, P02 not elevated, normalized P02 =
1, normalized P0 2 = 2, P0 2 not elevated. Effects of varied exponents are shown.

The exponential model 5a (Fig. 6) is depicted for the first step of P02 = 1 atm
and for the second step as P02 = 2 atm to represent all P02 values greater than
1 atm. The third step shows recovery. Note that the model prediction is
independent of the exponent b when P0 2 = 1 atm but is very sensitive for the
higher P02. Recovery in Figure 6 is shown from only one P02 is.

b. The healing function is replaced by one in which the time constant is a

function of the previous duration of exposure, Tdur, rather than the previous P02:

(a, - (P02 / 7 60 )b - /?+ F0, P02 > 0.5 atmF=t
Fo " e- (c+/ r dur)- t P0 2 : <0.5 atm
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c. The healing function is replaced by one in which the time constant is a
function both of the previous duration of exposure, Tdur, and of the previous
P0 2 . Also, the P0 2 threshold is subtracted when P0 2 is elevated:

(a, (P 0 2 / 7 6 0 - 0 5 )b. Fo, P0 2 > 0.5 atm

K. Fo •e- [C + g (PO2 is -o.5) / Tdu] t PO2 
< 0.5 atm

d. Inspection of the data (Fig. 1) suggests that curvatures steepen when P02
increases. Further, recovery kinetics might be second order rather than first
order. We normalized P02 by 1 atm and fitted:

(a, - P0 2 b" tPo +Fo, P02 < 0.5 atm

. Fo/ [1 - c+ g/Tdur)• t" Fo], P0 2 
< 0.5 atm

e. In Model 5d the choice of normalizing factor for P02 is critical to the

exponential fit. We added the normalizing factor as a parameter:

(a, (c P0 2)b. t. .+F0, P0 2 < 0.5 atm
F=i

K Fo/ [1 - (c + g/Tdur) " t" Fo], P0 2 :< 0.5 atm

f. We considered the dynamic state in which removal of ROS occurs
whenever F> 0, even as F is generated by separate mechanisms. Piecewise
integration of a differential model was used to accommodate intermittent
experiments. Generation of ROS was based on the system modeled in Se, and
removal followed first-order kinetics.

Ca," [(c P0 2)b ' /( c" P0 2 + g)] [Tdur2 c P02 _TdurlcPo2I + F at Tdurl,
Pa 2 < 0.5 atm

F e -g /Tdur P0 2 <50.5 atm
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6. Sigmoidal Dose Response Models

We fitted the Hill equation, the typical sigmoidal dose response expression

%AVC = -[g- doseb / (doseb + a)],

where parameter a is the dose at the inflection point of the curve, the dose where
%AVC = -0.5 • g, and parameter b, the Hill coefficient, determines the steepness of
the sigmoidal change. %AVC is constrained to lie between 0 and g.

a. The dose may be considered to be F, the concentration of ROS from Model 3,
the proportional healing model, in which case F changes with P02 and time
according to

dF/dt = P0 2 - c- F.

b. The dose may be the time integral of P02 above a threshold, IntO2 beginning
when vital capacity is at baseline:

IntO2 = ( P0 2 - Pth) dt, integrating from time = 0 to time = t.

Because dose cannot be negative,

( IntO2, IntO2;> 0
Dose =

IntO2 < 0.

c. We also considered the case where the previous %AVC decays exponentially
when P0 2 is is below threshold:

(-[g doseb / (doseb + ab)] with Dose = J( P02 - Pth) dt, P02 > Pth
%AVC=

, (%AVC)o " eC t, P02< Pth.
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Sigmoidal Model

-a) Dose of Model1 71I

3a

C-Gb) Dose is
integrated P02

i 6c) Integrated P02
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below, Pth

-P02

Time

Figure 7. Schematic of Model 6. Sigmoidal dose response curves for Models
6a, 6b, and 6c are shown for two elevations of P0 2 above Pth. Models 6b and
6c are identical when P02 > Pth, but 6b has a decreasing dose, while 6c has
exponential healing when P02 is below threshold.

7. Different Kinetics Model

As in Model 3, F may increase as a function of P0 2 during an oxygen exposure and
decrease in proportion to its concentration, but a similar relationship with different
kinetics may relate Fto measurable injury (decrease in VC):

dF/dt= a (PO2 - Pth) - b" F

d(%AVC) / dt = c" F- g (%AVC).

This model can have many responses, as shown in Figure 8, but has five
parameters. Data with fine time resolution are needed to distinguish the two
exponential components. If F reaches steady state extremely quickly, this model
reduces to Model 3a, the proportional healing model.
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Figure 8. Schematic of Model 7, in which the kinetics of ROS production and
removal differ from those for AVC, depicted for a single step change in P0 2.

8. Injury-Memory Model

In the injury-memory model, Fig. 9, an initial injury /I is directly proportional to F, as
is %AVC in Model 3a. However, AVC is considered to be secondary to /1 and to be
resolved more slowly. In effect, AVC has a "memory" for acute injury, because it is a
moving average with a time window of length T.

(a (P02- Pth) - b"/1, P02 > Pt
d/ 1 / dt= t

.- b./ 1, P02 <5 Pth

%AVC = a J A• dt, integrated over time from (t - T) to t.

At constant P0 2, if a' = a a, P02 > Pth, and t > T, then

%AVC = a' b- 2 (P0 2 - Pth) {e - [b - _ e-b .(t-Tr) }
+ a' b- 1  T (Pa2 - Pth) + /0' b' "{e-fb '4_ e-[b(t- )]}.

If t < T, the effects of earlier segments at different P0 2 must be included. The model
"forgets" oxidative injury that occurred when t< t- T. As can be seen in Fig. 9, this
injury-memory model smoothes out short-term changes in P0 2, a feature that is
interesting when intermittent exposures are considered.
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Injury-Memory Model
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Figure 9. Schematic of Model 8, which represents an integration of the
proportional healing model over a finite memory period. The AVC is the time-
weighted moving average of the insult caused by elevated PO2. P02 is depicted
from below injury threshold through two steps in elevation and then across an air
break (intermittent exposure). Note the smoothing that the moving average
causes on predicted AVC.

Rather than fitting T as a Marquardt or simplex parameter, we fitted this model for
discrete memory periods T = 3, 6, 12, 24, 36, 48, 60, 72, 84, 96, or 120 hours and
selected the value for the smallest least squares error. Although this fitting is more
an exploration of the data than a complete fit, recovery data exist only at sparse
intervals, a situation making fine distinctions difficult.

9. Delayed Inflammation Model

A second inflammatory injury follows most insults to the body. Although the injury-
memory model addresses secondary injury, inflammation usually occurs after a
delay, rather than immediately after the primary injury. In the delayed inflammation
models, inflammation was modeled as being directly proportional to the acute injury
but as occurring after an adjustable delay.

The delayed inflammation approach introduced an additional three parameters to
alter the shape of the response for the late parts of P0 2 exposure and for early
recovery.

25


